A NADP-dependent D-arabitol dehydrogenase gene was cloned from Gluconobacter oxydans CGMCC 1.110 and functionally expressed in Escherichia coli. With D-arabitol as sole carbon source, E. coli transformants grew rapidly in minimal medium, and produced D-xylulose. The enzymatic properties of the 29 kDa enzyme were documented. The DNA sequence surrounding the gene suggested that it is part of an operon with several components of a sugar alcohol transporter system, and the D-arabitol dehydrogenase gene belongs to the short-chain dehydrogenase family.
Introduction
Gluconobacter oxydans is a Gram-negative, strictly aerobic rod-shaped bacterium belonging to the family Acetobacteraceae. It has a highly active respiratory chain and incompletely oxidizes sugars and sugar alcohols to ketoses using different primary dehydrogenases [1] . Thus G. oxydans is important for industrial use [2] . Suzuki et al. [3] reported the discovery of the genus Glucononacter that possessed two enzymes enabling the production of xylitol from D-arabitol. The two enzymes were membrane-bound D-arabitol dehydrogenase (ArDH) and soluble xylitol dehydrogenase (XDH). The ArDH (D-arabitol 2-dehydrogenase) from fungi and yeast oxidized D-arabitol to D-ribulose [4] instead of D-xylulose, whereas the bacterial ArDH (D-arabitol 4-dehydrogenase) oxidized D-arabitol to D-xylulose [5] . Gluconobacter strains could oxidize D-arabitol to D-xylulose via the membrane-bound D-arabitol dehydrogenase, and sequentially D-xylulose was reduced to xylitol by soluble cytosolic NAD(P)-dependent xylitol dehydrogenase. The former reaction catalyzed by ArDH was irreversible, whereas the later reaction was reversible. Adachi et al. [6] purified the membrane-bound ArDH from Gluconobacter suboxydans IFO 3257 and showed that the enzyme was versatile in that it can oxidize many sugar alcohols to the corresponding ketoses. The corresponding gene was proposed to be identical to the membrane-bound D-arabitol In this study, we screened Escherichia coli strains to obtain cells that could not utilize D-arabitol but could utilize xylose. We then identified a NADP-dependent D-arabitol dehydrogenase gene from G. oxydans with broad specificity to different sugar alcohols. The catalytic properties of this enzyme were determined, and discussed relative to related enzymes in other organisms.
Materials and methods

Bacterial strains and plasmids
All the bacterial strains and plasmids used in this study are listed in Table 1 .
Media and culture conditions
A sugar-rich medium (SRM) was used to culture G. oxydans strain CGMCC 1.110. It consisted of 50 g of glucose, 5 g of yeast extract (Oxoid, Briton), 10 g of polypeptone (Oxoid), 10 g of CaCO 3 in 1 l water. A minimal medium (MM) used to cultivate E. coli transformants consisted of 12 g of Na 2 HPO 4 , 6 g of KH 2 PO 4 , 8 g of NH 4 NO 3 , 4 g of NaCl, 0.5 g of MgCl 2 , 2 mg of V B1 , 0.05 g of Proline, 5 g of D-arabitol in 1 l water (pH 6.5). Solid minimal medium contained 2% agar. E. coli strains were routinely cultivated in Luria-Bertani (LB) medium. X-gal (Sigma, USA), IPTG (Sigma), ampicillin (Sigma) were added to the medium at final concentration of 30, 50 and 75 lg ml À1 when necessary. G. oxydans CGMCC 1.110 was inoculated into a 500-ml flask containing 100 ml of SRM medium and cultivated at 30°C for 3 days with rotary shaking at 200 rpm. Cells were collected by centrifugation at 8000 rpm for 5 min and washed twice with 100 mM potassium phosphate buffer (KPB, pH 7.0), and used for genomic DNA extraction. Recombinant E. coli cells were cultivated at 2 ml liquid MM medium in 20 ml tube (20 cm · 1 cm) on solid medium in dish (ø95 mm) at 37°C.
Screening from genomic library of G. oxydans
Total DNA of G. oxydans CGMCC 1.110 was prepared as described by Okumura et al. [7] . Genomic DNA was partially digested by Sau3AI (TaKaRa, Japan) and the fragments were separated on 0.8% agarose gel. DNA fragments with the size of 1-10 kb in agarose gel were eluted by using Gel Extract Kit (Promega, USA) and ligated to BamHI-digested and dephosphorylated pBluescript II SK(À) vector. The ligation mixture was used to transform competent E. coli strain TG1, and cells were plated on the solid MM plates-with 50 lg ml À1 ampicillin after incubating for 50 min at 37°C. Colonies were transferred into 20 ml tubes con- 
Harboring a 1. ampicillin to further screen positive clones. Only those clones that could grew rapidly in both solid and liquid minimal medium were considered to be positive clones.
DNA sequencing and assembly
Nucleotide sequences of DNA fragments cloned in pBluescript II SK(À) vector were determined by dideoxy chain termination method [8] using an ABI Prism 377 Genetic Analyser (Applied Biosystems, California, USA). DNA assembly was performed by using DNA-MAN program (Lynnon Biosoft, version 5.2.2, Quebec, Canada). The sequence of the coding region and flanking regions were deposited with GenBank Accession No. AY940143.
Subcloning of the ArDH gene from pBArDH3 and overexpression of ArDH in E. coli
The ArDH gene was PCR amplified from pBArDH3 using primers P1 (5 0 -CCGCATATGTACATGGAAA-AACTTCGTCTCGAT-3 0 ) and P2 (5 0 -CGGCTG-GAGTTACCAGACGGTGAAACCAGCATC-3 0 ). The primers had non-complementary 5 0 end and 3 0 end carrying NdeI and XhoI restriction sites (underlined), respectively, for subcloning. The purified PCR product was digested with NdeI and XhoI and ligated with pET21a(+) digested with the same restriction enzymes. The recombinant expression vector designated as pET21a::GArDH and was used to transform E. coli strain BL21(DE3). The transformant was cultured at 37°C in 100 ml LB containing 100 lg ampicillin per ml to an OD 600 of 0.6 and induced at 28°C for 6 h by adding IPTG to final concentration of 0.5 mM on shaking incubator at 250 rpm.
Purification of ArDH and SDS-PAGE
Cells were collected by centrifugation at 5000 rpm for 5 min, washed twice with binding buffer (20 mM phosphate buffer, 500 mM NaCl, and 25 mM imidazole, adjusted to pH 8.0) and lysed by sonication. The lysate was centrifuged for 20 min at 12,000 rpm at 4°C to obtain the clear supernatant, and passed through a 0.45 lm filter (Satarious, Germany). The clear supernatant was applied to a 5-ml nickel-charged HiTrap column (Pharmacia) preequilibrated with binding buffer. The column was washed with 15 ml binding buffer and then washed with washing buffer (20 mM phosphate buffer, 500 mM NaCl, and 50 mM imidazole, adjusted to pH 8.0) until no more protein was eluted. The column was then eluted with 20 ml eluting buffer (20 mM phosphate buffer, 500 mM NaCl, and 500 mM imidazole), and the eluant was adjusted to pH 6.0. Fractions were combined and dialyzed against dialysis buffer (20 mM phosphate buffer, 100 mM NaCl, adjusted to pH 8.0) overnight at 4°C. The method of Bradford [9] was used to determined the protein content with bovine serum albumin as the standard. Denaturing SDS-PAGE was performed as described to determine the molecular weight of ArDH. The final acrylamide concentration was 12% (wt/vol) for separating gel and 4.5% (wt/vol) for stacking gel. All samples were preincubated in the presence of 2% SDS sample buffer for 5 min at 100°C prior to being loaded on the gel. Electrophoresis was at a constant 150 V for about 55 min at room temperature on gel apparatus (Bio-Rad). The gel was stained with Coomassie brilliant blue R-250.
Enzymatic properties of ArDH
The activity of ArDH was determined spectrophotometrically by monitoring the change in A340 upon oxidation or reduction of NAD(H) or NADP(H) at 25°C. The ArDH assay mixture (2 ml) consisted of 5 mM NAD or NADP, 0.1 M D-arabitol and enzyme solution in 50 mM reaction buffer with different pH value for oxidation, or consisted of 5 mM NADH or NADPH, 0.1 M D-xylulose and enzyme solution in 50 mM reaction buffer with different pH value for reduction. The pH-activity profile of ArDH was determined as described by Salusjärvi et al. [10] with modification using the following assay buffers (50 mM): glycine chloride pH 2.5-4.5, sodium acetate pH 4.5-6.5, potassium phosphate pH 6.5-8.0, Tris-Cl pH 8.0-10.0. One unit of dehydrogenase activity was defined as the formation of 1 lmol of NAD + /NADH or NADP + /NADPH per min at 25°C. Substrate specificity of ArDH was tested using 100 mM of D-sorbitol, D-mannitol, xylitol, L-arabitol, meso-erythritol, glycerol, D-fructose, and D-xylulose in the above buffers. For kinetic experiments substrate concentrations were varied between 1 and 500 mM and cofactor concentrations were 12.5 and 500 lM.
Computer-aided analysis of nucleotide and amino acid sequence
DNA sequence was analyzed by using Vector NTI suite 8.0 software (InforMax, Inc., 7600 Wisconsin Avenue, Bethesda, MD), DNA and amino acid homology searches were performed at the National Center for Biotechnology Information by using the Blast network service (http://www.ncbi.nih.gov/BLAST/).
Results and discussion
3.1. Screening E. coli host for cloning G. oxydans ArDH gene E. coli strains TG1, DH5a, JM109, BL21(DE3), HB101 and TOPO10 were cultured in MM mediun containing xylose or D-arabitol to determine which strains could utilize xylose or D-arabitol as the sole carbon source. Strain HB101 was unable to utilize xylose whereas all strains could not utilize D-arabitol. This indicated that TG1, DH5a, JM109 and BL21(DE3) strains utilize xylose via the pentose phosphate pathway, whereas HB101 could not. E. coli strains which could utilize xylose also could utilize D-xylulose via xylose isomerase (EC.5.3.1.5) [11] . Considering that strain TG1 grew faster than DH5a, JM109 and BL21 in a minimal medium containing xylose as the sole carbon source (data not shown), we selected TG1 as the host for cloning the ArDH gene from G. oxydans CGMCC 1.110.
Cloning and sequencing of ArDH gene and its amino acid
From 105 positive clones that could grow on solid MM medium, only 5 positive clones could grow in liquid MM medium. We designated these 5 clones as TG1/ pBArDH1, TG1/pBArDH2, TG1/pBArDH3, TG1/ pBArDH4, TG1/pBArDH5. The insert DNA fragments in the pBArDH1, pBArDH2, pBArDH3, pBArDH4 and pBArDH5 (Section 2), were DNA sequenced and assembled into an intact DNA fragment of 3622 bp. Sequence analysis of the 3.6-kb DNA region isolated revealed the D-arabitol dehydrogenase gene open reading frame (ORF1) of 774 bp encoding a protein of 257 amino acids (aa). Seventeen nucleotides upstream of the ORF1 was 1104 bp open reading frame (ORF2) with a coding capacity for a probable polyol ABC transporter 367 aa permease protein (Dal T). Located fifty-three nucleotides upstream of the ORF2 was an incomplete open reading frame (ORF3) of 309 bp encoding a probable sugar ABC transporter ATP-binding protein (Dal B) of 102 aa. These results strongly indicated that the ArDH gene from G. oxydans is contained in an operon like that found in Klebsiella pneumoniae [12, 13] . However, the two operons were obviously different due to the length of their individual genes and the arrangement of individual genes. In K. pneumoniae, the Dal D of 455 aa belongs to the subfamily of long-chain (P450 aa) dehydrogenases [14] , whereas the Dal D of 257 aa in G. oxydans belongs to short-chain dehydrogenases (with subunits typically of 250 aa) [15] . The mannitol utilization relative genes of K. pneumoniae [16] and Pseudomonas fluorescens [17] are also clustered into operons. The estimated molecular mass of ArDH was 29 kDa, which was close to the apparent molecular mass of 31 kDa measured by SDS-PAGE. The deduced amino acid sequence of ArDH showed 60% identity with dehydrogenase with different specificities of Mesorhizobium sp. BNC1 (GenBank Accession No. ZP_00195435), 58% identity with oxidoreductase from Bradyrhizobium aconitum USDA110 (GenBank Accession No. NP_769865), 31% identity with D-arabitol dehydrogenase from Pichia stipitis (EMBL database no. Z46866), 30% identity with D-arabitol dehydrogenase from Candida albicans (GeneBank Accession No. AAC37430), 28% identity with xylitol dehydrogenase from G. oxydans ATCC621 (DDBJ accession no. AB091690) and 27% identity with gluconate:NADP 5-oxidoreductase from G. oxydans DSM3503 (GenBank Accession No. X80019). The complete alignment of the above shortchain dehydrogenase/reductase (SDR) is shown in Fig. 1 . No significant similarity (<10%) has been revealed with medium or long-chain dehydrogenases such as D-arabitol dehydrogenase (455 aa) from K. pneumoniae [13] and D-sorbitol dehydrogenase (740 aa) from G. suboxydans IFO3255 [20] and gluconate/polyol dehydrogenase (743 aa) from G. suboxydans IFO12528 [9] . The amino acid sequence of ArDH deduced from the cloned ArDH gene showed similarity to those of enzymes in the SDR family. A putative NAD(P)-binding motif, the so-called glycine-rich motif, was present in the N-terminal region ( 10 G-X-X-X-X-X-X-17 G 18 G-X-X-X-X-23 G) of ArDH. The Gly-rich pattern, with conserved G-X-X-X-G-X-G, was largely identical in the SDR family, highlighting an importance of strict space relationships and little free space in the coenzyme/enzyme interactions. However, different spacings occurred as for the 10 G-X-X-X-X-X-X-17 G 18 G-X-X-X-X- 23 G pattern in ArDH from G. oxydans CGMCC 1.110. The Gly-rich segment characteristic of the coenzyme-binding fold in dehydrogenases in general was largely conserved [15] , as was a coenzyme-interacting Asp residue that regulated the specificity for NAD or NADP by giving constraints on coenzyme binding in the SDR [18] . When 23 aa were truncated from Cterminus, the protein retained overall activity (data not shown). However, when 69 nucleotide acids were deleted from the N-terminus of the ArDH gene, the resulting truncated protein had no dehydrogenase activity. This suggests that the N-terminus of the ArDH may function as the co-enzyme NADP or NADPH binding domain. Furthermore, three residues that served as a catalytic triad (Ser147, Tyr162, and Lys166) were conserved in ArDH. Other potential important residues (Arg11, Thr12, Asn119, Lys166, Arg221, Lys235, Ser241) in ArDH might also be responsible for substrate catalytic function.
Expression of ArDH gene in E. coli
An expression vector containing the ORF of ArDH under the control of T 7 promoter, pET21a::ArDH, was constructed by standard procedures. The recombinant E. coli strain [BL21(DE3)] was cultured on a shaking incubator at 37°C until OD 600 reached 0.6 and induced by 0.5 mM IPTG at 28°C for 6 h. A nickel metal-affinity column (HiTrap) was used for purification of the C-terminal his-tagged dehydrogenase. The purity of the enzyme was examined by SDS-PAGE and a clear single band corresponding to the 29 kDa protein was observed (data not shown). The expressed protein was a fusion protein with additional eight amino acids including a six-histidine tag. Inclusion bodies were accumulated in BL21(DE3) strain, but about half of the recombinant dehydrogenase was still soluble (data not shown). The specific activity of the purified enzyme was 27.6 lmol/min/mg protein when D-arabitol was used as a substrate. The activity of His-tagged enzyme was investigated at different pH values where the optimal pH was found to be 8.0 in 50 mM potassium phosphate buffer for the oxidation reaction: about 20% activity still retained at pH 6.0. The optimal pH for the reduction reaction was 6.0 in 50 mM sodium acetate buffer.
Optimum pH study of ArDH
The optimum pH of polyols (D-arabitol, D-sorbitol, D-mannitol, meso-erythritol and glycerol were tested) oxidation with ArDH was around 8.5 in Tris-Cl buffer, whereas low activity (20-30% activity) was observed at pH 6.0 in sodium acetate buffer. The optimum pH of reductive sugar (D-xylulose, Fructose or Sorbose) reduction was 6.5. Maximal oxidase activity at an alkaline pH and maximal reductase activity at acid pH were common features of many polyol dehydrogenases from diverse microbial systems [19] [20] [21] .
Substrate and cosubstrate specificity of ArDH
Substrate specificity of the purified ArDH was investigated with a number of substrates. Table 2 shows that Darabitol and D-mannitol were preferred substrate of ArDH for oxidation; D-xylulose and fructose were preferred substrate for reduction. ArDH could also oxide D-sorbitol, glycerol and meso-erythritol, but with relatively low activity. Purified ArDH gave a specific activity of 27.6 U mg À1 protein when used 100 mM D-arabitol as substrate, 23. as substrate. Most of the polyol oxidizing and reducing enzymes described to date were pyridine nucleotide linked, requiring NAD(H) or NADP(H) as a cosubstrate [19] . With respect to the cosubstrate, the ArDH was specific to NADP(H), the K NADP m was 65.5 lM in the presence of 100 mM D-arabitol. When using NAD as the cosubstrate, no significant changes of A 340 values were observed; whereas significant changes were observed when using NADP as the cosubstrate (data not shown). The arabitol dehydrogenase from plant pathogen Uromyces fabae also exclusively used NADP(H) as cosubstrate [21] . More than 80 per cent of dehydrogenases soluble in cytoplasm found in the literature were NAD(H)-linked, therefore, the ArDH from G. oxydans CGMCC 1.110 was distinct from most of other dehydrogenases.
The substrate specificity was very versatile (Table 2 ). In addition to pentitols, other polyhydroxy alcohols such as D-sorbitol, D-mannitol, meso-erythritol and glycerol were also oxidized. The ArDH could reduce ketoses to polyols but with much slower reaction than the oxidative reaction. However, ArDH could not oxidize xylitol, L-arabitol, which do not possess a D configuration. Specificity profiles of ArDH from G. oxydans CGMCC 1.110 with respect to different polyols showed a clear correlation with the well-known Bertrand-Hudson rule. This rule stated that only polyols possessing configuration D were oxidized to the corresponding ketoses by strains of the suboxydans group of acetic acid bacteria. The secondary hydroxyl group involved in the oxidation, and the cis-vicinal secondary hydroxyl group, must had a D-configuration with respect to the primary alcohol group adjacent to the site of oxidation [22] . Polyols matching the Bertrand-Hudson rules (such as D-arabitol, D-sorbitol, D-mannitol, meso-erythritol, etc.) were all good substrates of ArDH, while those that did not match the rule (L-arabitol, xylitol, etc) were either poor substrates or not accepted at all.
Several quinoproteins had been newly indicated in acetic acid bacteria, especially in G.luconobacter species, and some genes had been cloned from the bacteria such as membrane-bound D-sorbitol dehydrogenase gene [23] , the membrane-bound gluconate/polyol dehydrogenase gene [9] . The enzymatic properties of these membranebound polyol dehydrogenases had been elucidated. These membrane-bound enzymes contained pyrroloquinoline quinone (PQQ) as the prosthetic group and Ca 2+ was the preferred divalent metal. The reaction rate in polyol oxidation by the membrane-bound enzyme was 100 times stronger than the cytosolic NAD(P)-dependent enzyme originated from Gluconobacter frateurii CHM9. The NAD(P)-dependent enzyme made no contribution to cyclic alcohol oxidation but contributed to the reduction of cyclic ketones to cyclic alcohols [24] . However, the NADP-dependent ArDH from G. oxydans CGMCC 1.110 could efficiently oxidize some polyols to ketoses ( Table 2 ). The membrane-bound and PQQ-dependent polyol dehydrogenases purified from Gluconobacter species belonged to the long-chain dehydrogenase with a molecular mass of more than 80 kDa [9, 23, 25] , and some had at least two subunits [9, 23, 26] . On the contrary, ArDH from G. oxydans CGMCC 1.110 belonged to the short-chain dehydrogenase just with a molecular mass of 29 kDa.
Most of the polyols oxidizing and reducing enzymes described to date were pyridine nucleotide linked, requiring either NAD(H) or NADP(H) as a coenzyme. With respect to the coenzyme, the ArDH from G. oxydans CGMCC 1.110 was highly specific for NADP and NADPH, and no measurable activity was detected with NAD(H) as coenzyme (data not shown). This result was corresponding with that of Tobias made from U. fabae [27] . The mannitol dehydrogenase (MDH), a SDR from Candida magnoliae had a much higher affinity for NADP(H) than for NAD(H) in the presence of fructose [19] . NADP(H)-dependent dehydrogenases shared a common coenzyme binding site with three strictly conserved glycine residues [15] . These NAD(P) binding sites could be divided into two subclasses with Assays were carried out at 25°C in 50 mM Tris-Cl buffer (pH 8.5) for oxidation, 50 mM NaAc buffer (pH 6.0) for reduction. Reactions were initiated by addition of substrates, and followed spectrophotometrically at 340 nm. The listed values were the average of 3 independent experiments. ND, not detected; NT, not tested. a The concentration of substrate was 100 mM when specific activity was assayed, 1-500 mM was used when assayed K m .
respect to the spacing between the glycine residues [17] . For many medium-chain dehydrogenases a consensus motif Gly-X-Gly-X-X-Gly was described [28] , whereas for SDR the pattern Gly-X-X-X-Gly-X-Gly was postulated [15] . Most SDRs were homodimers or homotetramers and possessed a unique b-a-b unit that contained a coenzyme-binding fold [29] . But in the NAD binding motif of the alcohol dehydrogenase from Drosophila melanogaster, the first two Gly were separated by only two amino acids [30] . As to the NAD binding motif of the mannitol dehydrogenase from P. fluorescens, the spacing between the first two Gly residues was four instead of three amino acids. The most likely NADP binding domain of the D-arabitol dehydrogenase from G. oxydans CGMCC 1.110 was located at position 18 to 25 of the amino acid sequence ( 18 G-A-Q-N-I-G-L-25 A); the spacing of the first two glycines was also four amino acids. However, the last glycine was replaced by an alanine just like the ArDH from P. stipitis CBS 6054 [27] and C. albicans [31] . This suggested that there might be variations possible in the length of the spacing of the conserved glycine residues and possible in the kind of amino acid of the conserved NAD(P)-binding motif. The G-X-X-X-X-X-T-G-G-X-X-G motif in the N-terminus of SDR including ArDH also seemed conserved (Fig. 1) .
In conclusion, the D-arabitol dehydrogenase gene from G. oxydans CGMCC 1.110 was cloned, expressed and the recombinant enzyme purified. It was able to oxide D-arabitol to D-xylulose efficiently when expressed in E. coli. It will be of interest if the gene can be introduced into osmophilic yeast strains to test whether they can convert D-arabitol to D-xylulose.
